The thermal history and internal structure of chondritic planetesimals, assembled before the giant impact phase of chaotic growth, potentially yield important implications for the final composition and evolution of terrestrial planets. These parameters critically depend on the internal balance of heating versus cooling, which is mostly determined by the presence of short-lived radionuclides (SLRs), such as 26 Al and 60 Fe, as well as the heat conductivity of the material. The heating by SLRs depends on their initial abundances, the formation time of the planetesimal and its size. It has been argued that the cooling history is determined by the porosity of the granular material, which undergoes dramatic changes via compaction processes and tends to decrease with time. In this study we assess the influence of these parameters on the thermo-mechanical evolution of young planetesimals with both 2D and 3D simulations. Using the code family i2elvis/i3elvis we have run numerous 2D and 3D numerical finite-difference fluid dynamic models with varying planetesimal radius, formation time and initial porosity. Our results indicate that powdery materials lowered the threshold for melting and convection in planetesimals, depending on the amount of SLRs present. A subset of planetesimals retained a powdery surface layer which lowered the thermal conductivity and hindered cooling. The effect of initial porosity was small, however, compared to those of planetesimal size and formation time, which dominated the thermo-mechanical evolution and were the primary factors for the onset of melting and differentiation. We comment on the implications of this work concerning the structure and evolution of these planetesimals, as well as their behavior as possible building blocks of terrestrial planets.
Introduction
During the early stages of planet formation the building material of terrestrial planets like Earth or Mars is distributed within planetesimals with sizes of ∼ 10 1 -10 2 km (Weidenschilling and Cuzzi, 2006) . It remains unclear how these bodies assembled from sub-micron grains in a circumstellar disk in detail. First order constraints from the standard collisional model for growth relate the doubling time t s ∼ ρ p R p /(Σ disk Ω K ) of a growing planetesimal to its size R p and density ρ p as well as to the properties of the disk, namely mass surface density Σ disk and Keplerian frequency Ω K (Goldreich et al., 2004) . This formula, however, essentially a cross-section calculation, ignores gravitational focusing and limits to growth, such as the bouncing barrier (e.g., Zsom et al., 2010) and the radial migration of solids due to gas drag (Weidenschilling, 1977) . Nonetheless, there are also complex local processes that can enhance the formation of planetesimals with up to several hundred kilometers radii due to particle collection in vortices, pressure bumps, and other effects (e.g., Johansen et al., 2007; Cuzzi et al., 2008; Morbidelli et al., 2009; Chambers, 2010; Johansen et al., 2015) . These point to rapid formation on the time scale of ∼ 10 5 yr after the formation of Ca-Al-rich inclusions (CAIs), consistent with findings * Corresponding author. E-mail: tim.lichtenberg@phys.ethz.ch. from geochemical data (Kleine et al., 2009 ).
Theoretical models to investigate this epoch after the initial assembly of the planetesimals rely on numerical models of internal dynamics. So far, such models were mostly based on 1D studies, focusing on conductive cooling as the main heat transfer mechanism (e.g., Ghosh and McSween, 1998; Hevey and Sanders, 2006; Sahijpal et al., 2007) . Recent work, however, has shown that more mechanisms need to be taken into account. Firstly, these bodies are supposed to be sufficiently big to become heated by decay of short-lived radionuclides (SLRs), most importantly 26 Al and 60 Fe, which would alter their inner structure and evolution dramatically up to the point of silicate melting. For example, bodies greater than ∼ 10 km in radius, formed at the time of CAI formation, are supposed to melt completely (Hevey and Sanders, 2006) . Secondly, some meteorite parent bodies seem to have experienced solid-state deformation (Tkalcec et al., 2013; Tkalcec and Brenker, 2014) . These points underline the importance of 2D or 3D thermo-mechanical modeling approaches for the evolution of planetesimals to detect effects such as the differences of the surface-to-volume ratio in 1D, 2D and 3D models or non-axisymmetric advection processes. As a further complicating issue, recent work highlights the potentially important role of porous bulk material on the thermal history of planetesimals, by lowering the thermal conductivity of the silicate material and thus to prevent effective heat transport via conduction (Cuzzi et al., 2008; Neumann et al., 2014) .
The initial powdery state of the uncompacted material is however reduced in the inner parts of the planetesimals by cold isostatic compaction due to self-gravity (Henke et al., 2012) , effectively decreasing its influence with increasing size of the body. Another important aspect is the formation time of the body. As outlined above, the accretion time scale of planetesimals is on the order of 10 5 yr, which is roughly an order of magnitude shorter than the evolutionary time scale of the protoplanetary disk and the thermo-mechanical evolution of planetesimals on the order of 10 6 yr. Hence, the quasi-instantaneous formation time sets the limit on the amount of SLRs incorporated into the body.
Additional heat sources for planetesimals can be energy injection during the accretion of the body and later impacts. First, the temperature increase due to the conversion of gravitational energy to heat is low for bodies < 1000 km (Schubert et al., 1986; Qin et al., 2008; Elkins-Tanton et al., 2011) . Second, during runaway growth, the velocity dispersion of planetesimals is set by the equilibrium between self-stirring and gas drag. Impact velocities are therefore comparable or smaller to the escape velocity (Greenberg et al., 1978; Morbidelli et al., 2015) , which drastically limits the amount of injected energy. The formation time thus dominates the energy budget for heating and sets the pace of internal dynamic processes, such as core formation, to the order of several 26 Al half-lives. Clearly, the thermo-mechanical evolution of planetesimals needs to be treated adequatly to achieve a consistent theoretical understanding of this stage of planetary assembly. In this study we assessed the role of the initial size, formation time and porosity of planetesimals on their thermo-mechanical history via 2D and 3D numerical models. In Sect. 2 we describe constraints from earlier work and outline the most important concepts of our numerical model; in Sect. 3 we present the results obtained from the simulation runs, for which we outline the technically inherent limitations in Sect. 4. In Sect. 5 we discuss the physical implications and draw conclusions in Sect. 6. Supplementary material can be found in Appendix A and a list of all simulations is given in Appendix B.
Physical and numerical methodology
The physical and numerical methods in this work follow earlier work by Golabek et al. (2014) , in which an in-depth analysis of observational constraints on the thermal history for the acapulcoite-lodranite parent body is compiled. In contrast to this study, we focused on the general role of planetesimal evolution and seeked to explore the thermo-mechnical regimes before the onset of the giant impact phase in terrestrial planet formation. The most important physical constants used in the model are explained in the following sections, all others are listed with their respective references in Table 1 .
Fluid flow
As outlined in Sect. 1 we studied the thermo-mechanical evolution of instantaneously and recently formed planetesimals using the i2elvis/i3elvis code family (Gerya and Yuen, 2007) . The code solves the fluid dynamic conservation equations using the extended Boussinesq approximation, to account for thermal and chemical buoyancy forces, with a conservative finitedifferences (FD) approach on a fully staggered-grid (Gerya and Yuen, 2003) , namely the continuity equation
with density ρ, time t and flow velocity v; the Stokes equation
with deviatoric stress tensor σ , pressure P and directional gravity g obtained via the location-dependent Poisson equation
with the gravitational potential Φ and Newton's constant G; and finally the energy equation
with heat capacity c P , temperature T , heat flux
, thermal conductivity k, and radioactive (H r ), shear (H s ) and latent (H L ) heat production terms. The energy equation is advanced using a Lagrangian marker-in-cell technique to minimise numerical diffusion and enable an accurate advection of non-diffusive flow properties during material deformation. The staggered-grid FD method permits to capture sharp variations of stresses and thermal gradients with strongly variable viscosity and thermal conductivity. For further details on the code's features we refer to Yuen (2003, 2007) .
Heating by short-lived radionuclides
As discussed earlier, the radiogenic heat source term H r in Equation 4 is dominant for early formed planetesimals. It is driven by the decay of short-lived isotopes 26 Al and 60 Fe and the long-lived 40 K, 235 U, 238 U and 232 Th. Among these 26 Al is by far the most important one and therefore drives the internal heating of the young bodies, as the abundance of 60 Fe is lower by orders of magnitude (Barr and Canup, 2008; Tang and Dauphas, 2012; Mishra et al., 2016) . In this work, we considered time-dependent radiogenic heating by 26 Al and the longlived radioactive isotopes as input for H r in Equation 4. For the initial 26 Al/ 27 Al ratio we adopted an upper-limit value (Jacobsen et al., 2008) of 5.85 · 10 −5 (Thrane et al., 2006) at CAI formation.
Silicate melting model
For the silicates we assumed a peridotite composition and used the parameterizations by Herzberg et al. (2000) and Wade and Wood (2005) (based on data of Trønnes and Frost, 2002) for the solidus and liquidus temperatures T sol and T liq , which determine the silicate melt fraction We took into account both consumption and release of latent heat due to melting and freezing of silicates. Silicate density depends on the melt fraction ϕ as
with solid and liquid silicate densities ρ Si−sol and ρ Si−liq . For silicate melt fractions 0.1 < ϕ 0.4 the effective viscosity (Pinkerton and Stevenson, 1992 ) is given as
Above ϕ 0.4 a transition occurs from solid-like structures to low-viscosity crystal suspensions (Solomatov, 2015; Costa et al., 2009) , with η Si−liq = 10 −4 − 10 2 Pa s (Bottinga and Weill, 1972; Rubie et al., 2003; Liebske et al., 2005) . This effectively increases the Rayleigh number
with thermal expansivity α, surface temperature T surf , depth of the magma ocean D and thermal conductivity k and thus enables an efficient cooling process. Above melt fractions ϕ 0.4 our model is restricted by a lower cut-off viscosity η num = 10 17 Pa s, which preserves numerical stability, but lies orders of magnitude above realistic values of molten state silicate viscosities. To bypass restrictions of the physical interpretation in this melt regime we employed the soft turbulence model by Kraichnan (1962) and Siggia (1994) , and estimated the convective heat flux as
Using Equation 10
we derived an increased effective thermal conductivity
, which approximates correct heat flux for a low viscosity magma ocean (Tackley et al., 2001; Hevey and Sanders, 2006; Golabek et al., 2011) . For a more detailed discussion on model limitations due to this issue see Sect. 4.
Porosity
As already indicated in Sect. 1, the initial porous state of recently accreted planetesimals is thought to decrease due to cold isostatic pressing with pressure and thus depth into a configuration of closer packing (Henke et al., 2012) , via
with P 0 = 0.13 bar, which effectively introduces an upper cutoff porosity for depths greater than ∼ 10 2 m, mostly dependent on the size of the body. Furthermore, the porosity changes the density of the solid material
and the effective thermal conductivity for porous material
with constants a = −1.2, φ 0 = 0.08 and φ 1 = 0.167, fitting lab experiments (Henke et al., 2012; Gail et al., 2015) . Finally, the material compaction is sensitive to sintering effects via
with the effective stress σ, the effective grain size , the gas constant R and experimentally determined factors A = 4 · 10
and activation energy E a = 85 kcal mol −1 (Henke et al., 2012) .
Initial conditions
The spherical planetesimals in our model box were supposed to be completely composed of silicates. Olivine outrules pyroxene minerals in controlling deformation processes due to its mechanical weakness (Mackwell, 1991) . Thus, we apply an olivine rheology (Ranalli, 1995) to be able to follow thermomechanical processes, i.e., melting and mixing due to internal heating. Each body was built up by several rheologically identical silicate layers, which could be followed by an internal tracking of the corresponding markers. This enabled us to distinguish different silicate layers and reconstruct their mixing history. Illustrative examples are given in Sect. 3.
As indicated before, the energy release during the accretion phase is only minor for the size of bodies we addressed here (Schubert et al., 1986) . Therefore, we started from a constant temperature distribution all over the model grid in accordance with values in a typical protoplanetary disk T space = 290 K (Ghosh and McSween, 1998) .
The surrounding of the bodies was made up of a so-called sticky-air layer (Schmeling et al., 2008) , with near zero density, constant temperature T SA = T space and constant viscosity η SA = 10 19 Pa. Such a layer allows for simulation of free surfaces and serves as infinite reservoir to absorb released heat from the planetesimal (Golabek et al., 2011; Crameri et al., 2012; Tkalcec et al., 2013) .
The numerical model boxes had physical dimensions of 500 km in each direction in 2D and 3D, represented by 501 2 grid points in 2D, respectively 261 3 grid points in 3D, which results in physical resolutions of 1 km in 2D and ∼ 2 km in 3D.
Parameter space
The goal of this work was to assess the combined effect of radiogenic heating by SLRs and initial porosity on the subsequent evolution of planetesimals. Hence, the parameter space was based on varying the planetesimal radius R p = 20-200 km, the instantaneous formation time t form = 0.1-1.75 Myr after CAI formation and the initial porosity φ init = 0.0-0.75, in total a set of 616 2D simulations. A full list of all applied values is given in Table 2 .
Due to the heavy computational cost of 3D simulations we first analyzed the 2D simulations, categorized them and then performed selected 3D simulations to verify the 2D results.
From our varied parameters, both R p and t form directly influenced the amount of SLRs present in the body. A list of all simulation runs with corresponding parameters and categories can be found for the 2D simulations in Table B .3 and for the 3D simulations in Table B .4.
Results

Thermo-mechanical evolution
In this section we analyze the thermo-mechanical outcome of the simulations. In Sect. 3.1.1 we focus on the temporal evolution of the material properties, i.e., solid or molten, and categorize the 2D results accordingly. Each category is then described and examples are given. In Sect. 3.1.2 we investigate the time-dependent maximum temperatures of the bodies and assess the influence of each of the varied parameters on it by constructing R p , t form and φ init isolines. Also, we analyze the influence of φ init on the temperature profile for fixed formation time and planetesimal size. Figure 1 illustrates the thermo-mechanical results of the material properties within each 2D simulation run. Each dot represents a single simulation and color indicates in which kind of regime we categorize the simulation. Each of these regimes is described below and an example, illustrating the state for φ, T and ρ at a certain time, is given. Illustrating video files for each of the described regimes below can be found in the supplementary material (see Appendix A).
Material properties
Figure 1: 3D parameter space covered by the two-dimensional simulation runs, each dot represents one simulation, with R p in km, φ init non-dimensional and t form in Myr. The colors indicate which thermo-mechanical state was reached during the time evolution. Blue: all silicates were in solid form during all times (Fig. 2) ; green: the silicates in the planetesimal were partially or fully molten at some stage during the temporal evolution ( Fig. 3 ), green simulations with diamonds indicate that the numerical restrictions in our model did not capture fluid motion due to extremely low viscosities, see Sect. 4 for an in-depth discussion of this issue; orange: the silicate layers were partially deformed, but the heating was not sufficient for convection (Fig. 4) ; red: convectional mixing occurs during the temporal evolution of the planetesimal (Fig. 5 ).
Solid regime. The blue rendered simulations in Fig. 1 build the class of solid models. These are models which lacked enough heat production by SLRs to experience any sign of transition from the solid silicate to a partially molten silicate state. An example of this kind is given in Fig. 2 . The upper left image shows all simulation runs of this class. The composition plot illustrates the unperturbed layered structure of the silicates it is composed of. Because the body never experienced enough heat, no transition to a molten state occurred and therefore the layers resided with their original ordering. The temperature and density plots illustrate these parameters at the same time during the evolution. Since the body experienceed some heat from SLRs it heated up and cooled down to the temperature of the surrounding T space on the order of several tens of Myr. As shown in Fig. 2 these kinds of models can be found for all tested radii for t form 1.7 Myr, i.e., when the initial amount of 26 Al has significantly reduced. Additionally, planetesimals with R p = 50 km already belong to this class for earlier formation times t form 1.6 Myr and for t form 1.3 Myr for bodies with R p = 20 km since they cooled more efficiently. Comparison of figures 1 and 2 for bodies with R p = 20 km reveals the influence of φ init . For t form = 1.3 Myr, the models were solid for φ init ≤ 0.3 and molten for φ init ≥ 0.4. Hence, the effects of initial porosity only affected this transitional stage for the smallest bodies in our parameter space.
Static melt regime. This class of simulations showed characteristics of phase transitions from solid to molten states, indicated with green circles and diamonds in Fig. 1 . For the deviations between these we refer to the discussion of our model limitations in Sect. 4. An example of a static melt model is given in Fig. 3 . In the composition Fig. we see molten silicate phases shown in red. As the material in the inner parts could not cool as efficiently as the outer parts higher temperatures occurred and thus silicates in this region tended to melt. Hence, the density in the outer shells was higher than in the inner parts. Simulations of this class were dominant for bodies with R p ≤ 50 km. For R p = 20 km the boundary for the transition from solid to melt was t form ≈ 1.3 Myr, for R p = 50 km it was t form ≈ 1.6 Myr. In bodies with R p = 80 km this class could be found solely for t form = 1.6 Myr, marking the boundary to the transition from solid models to more dynamic models displaying convection. Example of a solid model, i.e., without any melting throughout the temporal evolution, with R p = 140 km, t form = 1.7 Myr, φ init = 0.5 at t = 7.11 Myr. The all-solid (rheologically identical) layers did not deform throughout the simulation.
Deformed melt regime. This class marked the transition from the static melt to the mixing regime in the three-dimensional parameter space. A deformation example is given in Fig. 4 for an evolutionary stage with molten silicate phases and deformed layers, which clearly deviated from the initial circular structure. This kind of models reached higher temperatures than their static melt-bearing counterparts. Due to the larger density contrast this leaded to the onset of mass segregation within the body. An interesting case is given for R p = 50 km. These bodies were dominated by deformation for φ init ≥ 0.4 and t form 1.3 Myr. This type is categorized differently as it indicates the restrictions of our model: if the viscosities fell below η num , fluid motions could not always be correctly resolved, in spite of accurately modeling the heat flux. Again, for a more detailed discussion on this issue see Sect. 4.
Mixing regime. The class of mixing models was the most dynamic of all types. An example is given in Fig. 5 , showing the onset of convection due to extreme heating conditions within the body due to high SLR abundances. In these cases the density contrast of inner and outer layers initiated and drove convectional motion. The subsequent downwellings from the surface layers (cool and dense) to the inner parts (hot and buoyant) are reflected in the composition, temperature and density plots. We will discuss the time evolution of this in Sect. 3.1.2. Models of this kind were only found for bodies with R p ≥ 80 km. The formation time is less important than the radius, but showed significant effects by lowering the threshold t form for smaller bodies, i.e., R p ≤ 140 km models did not mix anymore above t form ≥ 1.6 Myr, whereas R p ≥ 170 km models did. Even less influential for the qualitative evolution were changes in initial porosity, for which no significant variance was observed. Figure 3: Example of a static melt model, with R p = 110 km, t form = 1.6 Myr, φ init = 0.25 at t = 7.52 Myr. The molten layers are differently shaded to be able to track the onset of convection (see Fig. 4 ). The inner parts were hotter and less dense than the upper layers and the temperatures were high enough to partially melt the silicates for a limited time period.
Heat balance
This section is devoted to an analysis of the energy reservoir in the bodies over time. To analyze the influence of each of the varied simulation parameters we construct isolines, fixing two of the three parameters (see figures 6 and 7). The models which are discussed here were among the simulations with the most extreme differences in peak temperature and are therefore best suited to show general trends in the data.
Influence of planetesimal radius R p . Figure 6a shows the radius isolines for all R p values for models with t form = 1.7 Myr and φ init = 0.25. In general, smaller bodies cooled more efficiently than their larger counterparts, which were prone to reach higher temperatures. This resulted in lower viscosities for the latter and gave them more time to develop deformed structures or convection.
Influence of formation time t form . Figure 6b shows the influence of the formation time on models with R p = 20 km and φ init = 0.4. There are two interesting characteristics to note in this plot. Firstly, the bodies with t form = 0.1/0.5 Myr showed a steep increase in temperature, compared to all other t form isolines but reached a sudden turning point at t ≈ 7.2 · 10 5 Myr. These bodies incorporated more 26 Al due to its half-life time of t 1/2 ≈ 7.2 · 10 5 Myr. When the temperatures increased, the material transitioned to molten states and viscosities η ≤ η num occurred, the soft turbulence model set in and increased the heat flux, which permitted the body to cool at an elevated rate (see Sect. 4). Secondly, simulations with stronger heating sources and therefore higher peak temperatures showed steeper cooling curves than models with later formation time. In practice, the ordering of formation isolines is reverted at t = 8 Myr. This can be explained with the higher thermal conductivity of molten silicate states. The models with higher peak temperatures reached higher melt fractions than those with lower peak temperatures, and are therefore able to cool down more efficiently.
Influence of initial porosity φ init . Figure 7 shows the contribution of initial porosity on peak temperature deviations in bodies with R p = 20 km and t form = 1.75 Myr. In general, higher porosity increases the voids within the granular material, effectively lowering the thermal conductivity. Therefore, models with higher initial porosity sustained their internal heat by SLRs over a longer time period. Fig. 7a shows an extreme case in the overall parameter range, where the maximum peak temperatures deviated by ∆T ≈ 120 K, not enough to achieve qualitative differences, as all peak temperatures were below the melting temperature for silicates.
To check for local variations of the temperature within specific planetesimals, we derive peak temperature profiles by assessing the maximum value from four points at the same distance from the planetesimal center. Therefore, the values in Fig. 7b represent the maximum temperatures at a certain depth, which does not necessarily imply the same average value for this depth for non-axisymmetric behavior. However, irrespective of a few specific cases these are nearly undistinguishable and certainly not in the range in which these differences affect the long-term thermo-mechanical evolution. Hence, we restrict our discussion to the maximum temperature case. The variations in peak temperature with depth were most importantly effecting small bodies, most remarkably R p = 20 km in our parameter space. Therefore, Fig. 7b shows the porosity isolines for the simulation with R p = 20 km and t form = 1.75 Myr at time t = 4.61 Myr. Going from the surface of the planetesimal to its center the temperature differences increased.
As displayed in both plots of Fig. 7 , in such small planetesimals the peak temperatures were not enough for the onset of melting. Thus, the temperature deviations due to porosity changes did not result in qualitative differences between the displayed models. Since the peak temperature differences between porosity isolines decrease for all other parameter combinations the porosity did not have a significant effect on the thermo-mechanical evolution of the planetesimals.
Porous shells
Additional to the marginal effect of porosity changes on the peak temperature and the thermo-mechanical evolution, the majority of our models with initial porosity showed a porous shell feature. As illustrated for several models in Fig. 8 , these structures were retained during the thermo-mechanical evolution and formed because of two effects. Firstly, compaction due to selfgravity by cold pressing (Equation 12) lowered the porosity within the body close to φ = 0.42 and consequently increased the density contrast between the outermost layers and the layers deeper inside the body. Secondly, during the temporal evolution of the models the temperatures deep within the planetesimals were by far higher than those close to the surface. The temperatures within the body were high enough for sintering effects, which altered the porosity value according to Equation 15. Because both effects were unimportant closer to the surface, a large subset of the model retained a porous layer throughout their whole evolution. Only the models with the most extreme heating values were hot enough to sinter or melt even their outermost layers. Fig. 8 Figure 7: (a) Peak temperature inside planetesimal versus time with fixed R p , t form and varying φ init . The models never reached temperatures high enough for melting processes to occur and the deviations in peak temperature were too small to inherit qualitative changes in the thermo-mechanical behavior of the simulations (compare Fig. 1 .) (b) Peak temperature profiles inside planetesimal for time t = 4.61 Myr for the same parameters as plot (a). Deviations in peak temperature were more pronounced toward the center of the planetesimal.
mal size and formation time on the extent of the porous shells and the porosity change within the shell. Sintering limited the total thickness of the shell (d norm ) and compaction determined the increase in porosity toward the surface. Figure 9 illustrates the distribution of bodies with and without porous shells. Most notably, the dominant parameter determining the preservation of a porous shell was the formation time: for t form ≥ 1.0 Myr all models developed such structures. Aside from the small effects of lithostatic pressure, the material distribution within the upper layers of the body did not depend on its size, since the weight on top of it was unaffected by the overall mass of the body. Therefore, these layers were only minimally affected by cold isostatic pressing. A minor effect regarding the size of the body was still observed, as models with t form = 0.5 Myr and R p ≤ 110 km also developed a shell, while bodies with R p ≥ 140 km did not.
The distribution of the porous shell structures within the model set remained unaffected by initial porosity φ init and was determined by R p and t form . Fig. 10 shows the thickness of the porous shell as a fraction of the size of the body R p for different formation times t form . The values represent an average over the results for all initial porosity values φ init , as this parameter did not affect the final shell depths significantly. The fraction of the shell was larger for smaller bodies and for later formation times. Both vary the amount of heating sources within the body, as later formation times lowered the initial abundances of SLRs and smaller bodies cooled more efficiently and displayed lower temperatures in their interiors. Thus, sintering effects were less important.
3D analogues
As described in Sect. 2.5 we additionally performed a set of 3D simulations for different parameter combinations to check for possible deviations from the 2D results. All 3D models are listed in Table B.4. In principal, the selected 3D simulations confirmed the general trends we have found in two dimensions before. Smaller bodies with R p ≤ 50 km displayed solid or static molten type and developed no convection patterns, regardless of their formation time. Larger bodies were more likely to experience convectional mixing, as illustrated in Fig. 11 . Comparable to the 2D simulations the formation time was the dominant parameter for the thermo-mechanical evolution and the onset of melting processes: early formed bodies experienced stronger heating by SLRs. As expected from the 2D results we also found porous shells in the appropriate parameter ranges.
The 3D models, however, did not perfectly match the results from the 2D simulations, as can be seen for model number 624, with R p = 110 km, φ init = 0.25 and t form = 1.7 Myr, which evolved to a static molten state and did not retain a porous shell. Its 2D counterpart however was solid throughout its evolution and we found a shell at the end of its thermo-mechanical evolution. In general, as far as we can conclude from the restricted model set of 3D simulations, they seem to have experienced higher temperatures than their respective 2D analogues and thus the whole parameter space was shifted toward a higher fraction of static molten, deformed molten and mixing models. As already mentioned in the introduction, this result is expected and can be attributed to the lower surface-to-volume ratio of 3D models. Hence, planetesimals in 3D experienced a lower heat flux compared to their increased volume and abundance of All in all, our 3D models were capable of reproducing the most important structures, compositional types and porosity features of the 2D models with slightly shifted regime boundaries and therefore verified the main conclusions we have drawn before. ). As isostatic pressing effects decrease toward the surface, the red and black bars show depths above which the porosity was φ > 0.5 or φ > 0.7, respectively. The white circles represent normalized logarithmic depths within the planetesimal d norm = log(d/R p ) from 0.001 to 0.1. As an example, the red bar for R p = 50 km, t form = 0.5 Myr shows that for d norm 0.06 the porosity was φ > 0.5, increasing toward the surface.
Model limitations
The main caveat regarding the evolutionary channels from Sect. 3.1 is the lower cut-off viscosity η num , whereas we expect that the real viscosity at melt fractions above 0.4 drops to values orders of magnitudes smaller than the applied lower cut-off viscosity (see Sect. 2.3 for examples). This especially happened for models with early formation times t form = 0.1/0.5 Myr, i.e., within the first few half-life times of 26 Al. As mentioned before these low viscosities cannot be resolved numerically.
To estimate which of our numerical models would have experienced convection, that could not be resolved, we estimate the onset time of convection based on the approach of Howard (1964) . Since internal heating was important in the models, we employ the Roberts-Rayleigh number (Roberts, 1967) , which can be used to compute the boundary layer Roberts-Rayleigh number
with reference density ρ 0 , boundary layer thickness δ and thermal diffusivity κ. For the latter we use the characteristic dif- fusion lengthscale (κt) 1/2 and assume that the viscosity of the partial melt decreases exponentially from 10 17 Pa s at ϕ = 0.4 to 10 −2 Pa s at ϕ = 0.6. Solving for t we obtain the relation
with Ra δ ∼ 30 (Sotin and Labrosse, 1999) . We use this relation to compare the time periods ∆t η≤η num , during which the viscosities are expected to drop below the numerical cut-off viscosity, with the analytical solution. Models with t crit ≤ ∆t η≤η num are marked in Fig. 1 (diamonds, static melt, unresolved convection). These, together with the deformed static class, are models for which we could not properly resolve convection. This drawback, however, did not affect the purely thermal evolution of the models, which was correctly approximated by the soft turbulence approach (as shown in Tackley et al., 2001; Hevey and Sanders, 2006; Golabek et al., 2011) and therefore all other quantities were not affected. Models for which the analytic solution is consistent with pure melting and no convection (t crit > ∆t η≤η num , circles in Fig. 1 phase, it is unlikely for planetesimals to be shaped perfectly symmetric. Irregular body structures would result in higher surface to volume ratios, hence enabling a faster cooling of the body (Davison et al., 2013) . Furthermore, as already discussed in Golabek et al. (2014) , a more sophisticated approach for representing melt migration processes, cooling effects via 26 Al partitioning (Sahijpal et al., 2007) and iron-silicate-separation (Schubert et al., 1986) would incorporate a two-phase flow model, which was not featured here. Finally we did not consider the effect of melt composition on melt density, which would influence our melting-mixing boundary (Fu and Elkins-Tanton, 2014) .
Discussion & implications
In Sect. 3 we have presented the results from our set of 2D and 3D computational models of the thermo-mechanical evolution of recently formed planetesimals with varied radius, instantaneous formation time and initial porosity to gain a better understanding of the processes in the early stages of terrestrial planet formation. We now discuss the key insights of our results.
Initial porosity of the bodies was only of minor importance for the model set we have run here. Although higher initial porosity tended to lower thermal conductivity and therefore favored higher internal temperatures, the thermo-mechanical evolution was only marginally affected.
As expected, radius of the body and formation time had a strong influence on the evolution of a planetesimal. With increasing radius and decreasing formation time the bodies ex- Figure 11 : Density isocontours in a mixing 3D model, with R p = 110 km, φ init = 0.25 and t form = 0.1 Myr. The density increased from the inside (dark red, ρ = 3100 kg m −3 ) to the outside (dark blue, ρ = 3385.6 kg m −3 ). Therefore, the model experienced buoyancy driven mass movement. perienced more heating by SLRs, which resulted in higher peak temperatures and steeper heating curves. Planetesimals displaying mixing can be expected to have experienced iron-silicate separation. The fraction of bodies prone to significant internal silicate melting was consistent with previous work on the thermal histories of planetesimals (Sanders and Taylor, 2005) .
With decreasing radius of the body the technical assessment of the numerical model became more important, as a thermomechanical regime with partially molten, but non-convectional interior was observed (static melt class in Fig. 1 ). In this regime with ϕ 0.4 we expect the Stokes velocity v Stokes ∼ g/η for iron droplets to be small, such that the time scale for differentiation is high. These melt-bearing but undifferentiated planetesimals are a potentially important link for impact splash models of chondrule formation (see, e.g., Sanders and Taylor, 2005; Sanders and Scott, 2012; Dullemond et al., 2014) . For a more stringent analysis of the importance of these models and corresponding parameter ranges we will further evaluate this connection in future work.
A subset of our models evolved to a state with highly porous outer layers, which altered the cooling history of the planetesimal. These shells occupied a larger fraction of the planetesimal radius with later formation time and smaller radius of the body. Hence, smaller and later formed objects were the most powderous bodies, which can have implications on their dynamical behavior during impact processes, as investigated by Jutzi et al. (2008 Jutzi et al. ( , 2009 ). The larger planetesimals in our dataset can either be subject to catastrophic impact events with similar-sized bodies or subject to impacts by smaller bodies. For both cases the state of the material is important for the interaction with the encountered body. All in all these effects tend to influence the dynamical history of the accretion phase of terrestrial planets and cannot be neglected for investigations of collisional growth. Additionally, the thickness of the shells could be used to relate the structure of pristine bodies in the Solar System, which did not experience catastrophic impact events after their rapid formation, to their formation time.
Many of our models reached elevated temperatures, potentially high enough to outgas existing volatile elements. When these models reached a specific boundary the resulting bodies might end up as dry bodies, unable to deliver volatile elements to the forming planets via impacts. Thus, future studies will investigate the effect of SLR heating and initial porosity on the outgassing of volatiles in small bodies and therefore might have implications for the habitability of planetary systems, when related to the delivery to accreting terrestrial planets (e.g., Elser et al., 2012; Ciesla et al., 2015) .
The more moderate models still showed temperatures high enough for hydration and metamorphic transformation processes, potentially creating serpentinites via an exothermic reaction. As discussed in Abramov and Mojzsis (2011) such reactions can provide energy for non-volcanic hydrothermal activity. Within certain depths of onion shell structured planetesimals, which are in accordance with our models and previous work (Weiss and Elkins-Tanton, 2013 , and references therein), the energy output might be in the right regime for the synthesis of primitive organic compounds, such as basic amino acids (Cobb and Pudritz, 2014) . Their synthesis is dependent on the ammonia and water content of the corresponding planetesimal and can also change with radial distance to the central star (Cobb et al., 2015) . Therefore, future studies can be directed to couple interior evolution to exterior formation conditions, i.e., the region in the protoplanetary disk and the appropriate formation time for various size classes, to gain a better understanding of the geological environment of early biological processes in our Solar System.
Conclusions
The initial state of planetesimals in the early Solar System crucially affected their thermo-mechanical evolution, which yields implications for terrestrial planet formation theories. We have conducted numerous 2D and 3D finite-difference fluid dynamics simulations of planetesimals with varying radius, formation time and initial porosity. From these we have determined the parameter space for various thermo-mechanical regimes and the influence of initial porosity. Our conclusions are the following.
• Typically, planetesimals with large size, early formation time and high initial porosity tended to develop convection. Small radii, late formation times and low porosities led to bodies which did not experience silicate melting.
• A third thermo-mechanical regime with largely molten bodies without convectional mixing existed for an intermediate parameter range with a trend toward small bodies and formation times t form ≈ 1.1-1.5 Myr after CAI formation.
• The effects of initial porosity were by far outweighed by those of planetesimal size and formation time, scarcely affecting the qualitative evolution of a planetesimal.
• A majority of models retained a shell of highly porous material in their outer layers, which was not affected by melting and sintering processes inside the bodies. The depth of these shells increased with later formation times and decreased planetesimal size.
With our models we were able to constrain stringent parameter ranges for the major thermo-mechanical regimes and to show that porosity is not a primary factor for the evolution of planetesimals. Future investigations will link these results to specific aspects of terrestrial planet formation, like volatile degassing and chondrule formation. Moreover, connecting these results with SLR enrichment mechanisms in stellar clusters (e.g., Parker et al., 2014; Parker and Dale, 2016) , and thus probably strongly varying abundances of SLRs, would be beneficial for a comprehensive theory of planetary assembly and habitability on interstellar or galactic scales.
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